The interaction of an intense electron beam with a neutral background material is studied. The neutral material is ionized by the electrostatic field generated by the intense electron beam and electron impact ionization. The structure of the ionization front is analyzed using a one-dimensional model. The structure is determined primarily by electron impact ionization of the ionized background electrons. In addition, the field ionization contributes to the generation of the ionization front by increasing the density of the electron beam. An intense electron beam can be efficiently generated by intense short laser pulses. One particular application for this is energetic ion sources using thin foils [1, 2] . In this regard, the understanding of the dynamics of the electron beam is crucial. Propagation of the electron beam through fully ionized plasmas has been studied for several decades [3] . However, relatively few studies investigating the ionization dynamics of neutral materials have been reported [4] [5] [6] [7] [8] .
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A high current density electron beam propagated through a neutral material can generate a large electrostatic field owing to the effect of charge nonneutrality. The large electrostatic field can directly ionize the neutral material, a process referred to as field ionization [9] . Furthermore, the field enhances impact ionization by the background electrons. However, once a plasma is created, it strongly screens the electrostatic field. The ionization processes and electrostatic field screening significantly affect the properties of the plasma.
In this paper, the structure of the ionization front in the direction of the initial electron beam propagation is studied using a one-dimensional stationary model, and the role of the ionization processes is clarified. We assumed that the electron motion is separated by the components of the ionized background and input high-energy beam electrons. The density of the background electrons is usually much higher than that of the high-energy electron beam. We assumed that the background electron motion is described by electron fluid equations and that the atom only changes the charge states. The density profile of an electron beam does not change, and its energy b is constant; that is, the author's e-mail: s.kato@aist.go.jp beam only propagates under the same initial density n b and velocity u b . Thus, the evolution of the density of a background electron n e and that of an ion n i are described by
where N and ν I are density and ionization rate of the atom, respectively, and u d is the electron fluid velocity, which is determined by u d = −eE/m e ν e , where E is the electrostatic field, e and m e are the electron charge and mass, respectively, and ν e is the electron collision frequency of a background electron. The electron collision frequency and ionization rate are dependent on the type of material and the density and strength of the electric field. In this model, the ionization rate ν I is assumed to consist of contributions from the electric field and electron impact ionization,
where ν F (E) and σ I ( b ) are the electric field ionization rate and electron impact ionization cross section of the atom, respectively; R is the electron impact ionization rate coefficient from the low energy background electron. The coefficient depends on the energy distribution function of the background electron. These coefficients are determined as follows. It is assumed that the electric field ionization rate can be determined using the Landau model [9] . For a background electron, the electron impact ionization rate coefficient R and electron collision frequency ν e in the electric field are calculated from collision cross-section data by solving the electron Boltzmann equation [10] . This model is a good approximation in weakly ionized and highly collisional plasma. The ionization cross section of a high-energy electron uses the fitting formula (σ I ( ) ∼ a(ln + b)/ ), where a and b depend on the atom.
The electrostatic field E is given by the Poisson equation:
where n b is the electron beam density.
Assuming that the profile of the ionization structure is stationary in the reference frame of the electron beam (ξ = x − u b t) [5] , the following equations are derived from Eqs. (1-3):
and n b (ξ) = n b H(−ξ), where H(x) is the Heaviside step function H(x) = 0 for x < 0 and H(x) = 1 for x ≥ 0. Figures 1 and 2 show typical profiles of the ion density and electrostatic field, respectively, in the frame. We use a dense neon gas and the initial atom density N = 5 × 10 22 cm −3 . The electron beam densities are n b /N = 1 × 10 −5 ( Fig. 1 (a) ) and n b /N = 3 × 10 −5 ( Fig. 1 (b) the red one; that is, the ionization front structure is determined by the electron impact ionization. On the other hand, for n b /N = 3 × 10 −5 , the green line overlaps with the red one; that is, the electron impact ionization following the electric field ionization determines the structure. The density that includes all three ionization processes is approximately three times larger than the one including only the field ionization for the electron beam densities shown in both Figs. 1 (a) and (b) . Also, the electric field amplitude is approximately five times smaller than the latter one. The results show that the contribution of electron impact ion-ization is important to the development of the ionization front. In this paper, the role of the low energy background electrons ionized by the electrostatic field is clarified using a simple ionization model. Since the properties of the low energy background electrons are strongly dependent on the material, a more detailed investigation of each material is needed. The evaluation of the role of the ionization processes using this model may provide a useful guide for the construction of an integrated simulation code.
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